The feasibility of using a sensitive polymerase chain reaction (PCR) to evaluate malaria vaccines in small group sizes was tested in 102 adult Gambian volunteers who received either the malaria vaccine regimen FP9 ME-TRAP/MVA ME-TRAP or rabies vaccine. All volunteers received the antimalarial drugs primaquine and Lapdap plus artesunate to eliminate malaria parasites. Volunteers in a further group received an additional single treatment with sulfadoxine-pyrimethamine (SP) to prevent new infections. There was substantially lower T-cell immunogenicity than in previous trials with this vaccine regimen and no protection against infection in the malaria vaccine group. Using the primary endpoint of 20 parasites per mL, no difference was found in the prevalence of low-level infections in volunteers who received SP compared with those who did not, indicating that SP did not reduce the incidence of very low-density infection. However, SP markedly reduced the incidence of higher density infections. These findings support the feasibility and potential of this approach to screen pre-erythrocytic vaccines for efficacy against infection in small numbers of vaccinees in endemic areas.
INTRODUCTION
Increased funding for malaria vaccine development, advances in vaccine technology and the sequencing of the Plasmodium falciparum genome have led to an increasing number of candidate malaria vaccines reaching the phase of clinical evaluation. Although pre-erythrocytic vaccines can be tested using sporozoite challenge with P. falciparum in non-immune volunteers, [1] [2] [3] it is uncertain how well this model will predict vaccine efficacy in populations exposed to natural infection with genetically heterogeneous P. falciparum and provide evidence of efficacy in phase II studies in populations exposed to natural challenge that may be required before proceeding to a large phase III trial. RTS,S/AS02A, the most widely studied malaria vaccine, has consistently protected 30-45% of volunteers challenged experimentally with sporozoites about 2 weeks after final vaccination. Efficacy of this vaccine against natural challenge with heterologous parasite strains in semiimmune adults in the field was 34% using a time-to-patent infection analysis 4 and 30% and 35% after 6 and 18 months, respectively, against clinical malaria in Mozambican children. 5, 6 These results for RTS,S/ASO2A suggest that for this vaccine, efficacy in the field against patent infection is similar to that measured in the experimental challenge model. A randomized trial of DNA-MVA vaccination undertaken in semi-immune adults in The Gambia in 2002 showed no significant efficacy against infection, 7 although the same vaccination regimen resulted in significantly delayed time to parasitemia compared with unvaccinated controls in challenge experiments with a heterologous strain in Oxford and fully protected one of eight non-immune volunteers. 8 As long as uncertainty remains about the correlation be-tween the results obtained with the experimental sporozoite challenge model and results obtained under conditions of natural challenge, field-efficacy trials will continue to play an essential part in the early evaluation of candidate preerythrocytic vaccines. Because the power of a trial to detect efficacy depends on the number of events observed, more sensitive methods of detection would allow smaller sample sizes to be used. In semi-immune populations, most infections are cleared by blood-stage immunity prior to patency. Comparison of estimates of entomological inoculation rates with observed infection rates detected by peripheral blood microscopy in villages near the town of Farafenni, The Gambia, in 2002 suggested that the great majority of infectious bites did not lead to infections detectable by blood film. 7 However, many blood-stage infections may have been missed because of the low sensitivity of microscopy, which has a lower limit of detection of ∼10-50 parasites per L. 9 Polymerase chain reaction (PCR) assays that increase the sensitivity of detection of blood-stage malaria infections by at least a hundred fold compared with traditional microscopy have recently been developed. 1, 3, 10 Although PCR monitoring is being used increasingly in the context of malaria vaccine volunteer challenge studies in developed countries, [11] [12] [13] [14] few such studies have been conducted in endemic areas. In endemic areas, many malaria infections in adults fail to reach a parasite density that is high enough to be detected by microscopy, and the sample size and hence the cost of efficacy trials is typically large, requiring hundreds of volunteers per study arm. 5, 7 If low-density infections could be detected reliably prior to blood-stage clearance, then the sample size needed for the evaluation of pre-erythrocytic vaccines could be reduced. We have, therefore, undertaken a randomized trial using repeated blood sampling with PCR monitoring to evaluate the feasibility of this method for vaccine evaluation and to make a preliminary assessment of the safety, immunogenicity, and efficacy against malaria infection of the FP9 ME-TRAP/MVA ME-TRAP candidate malaria vaccine, which has shown significant efficacy in volunteer challenge studies in the UK 11, 15 and promising immunogenicity in Gambian adults. 16 
MATERIALS AND METHODS

Study area and study population.
The study took place in nine villages east of Farafenni, The Gambia, from June to October 2004, the time of year when the incidence of malaria in The Gambia is highest. The entomological inoculation rate in the study area was ∼10-50 infectious bites per year. Volunteers of age 15-45 years, identified using the demographic surveillance system (DSS), were invited to take part in the study after prior consultations with local civil and religious leaders. Experienced field workers gave detailed explanations of the nature of the trial in English and in their respective local languages, and written consent was obtained. In the case of volunteers of age 15-17 years, written informed consent was also obtained from a parent or guardian. Prior to screening, the age and identity of each volunteer were checked, and a trained member of the study team provided pre-HIV test counseling. Screening involved a thorough physical examination as well as laboratory evaluation. The latter included measurement of a full blood count (FBC), packed cell volume (PCV), plasma creatinine, and alanine amino transferase (ALT) concentrations as well as HIV 1 and 2 screening by ELISA (Capillus HIV1/HIV2 Kit, Trinity Biotech PLC, Ireland). A glucose-6-phosphate dehydrogenase (G6PD) deficiency test (visual colorimetric assay, Sigma Diagnostics, US) was carried out because of the risk of hemolysis when primaquine is given to volunteers who are G6PD deficient. Volunteers were considered eligible if they had no clinically significant disease. Exclusion criteria included a low PCV (< 30%), raised plasma creatinine (> 130 mol/L), raised ALT concentration (> 42 IU/L), G6PD deficiency, simultaneous participation in another clinical trial, blood transfusion in the month prior to vaccination, previous experimental malaria vaccination, administration of another vaccine within 2 weeks of vaccination, allergy to any previous vaccination or to sulfadoxine-pyrimethamine (SP), a history of splenectomy, and any treatment with immunosuppressive drugs. Eligible volunteers were assigned a unique study number and a photo identity card.
Study vaccines. Details of study vaccines have been described elsewhere. 14 The malaria DNA sequence known as ME-TRAP encodes the entire TRAP antigen of the T9/96 strain of P. falciparum and a string of epitopes from six preerythrocytic P. falciparum antigens. The sequence is expressed either in fowlpox (FP9 ME-TRAP) or in modified vaccinia virus Ankara (MVA ME-TRAP). The vaccines were manufactured according to good manufacturing practice by Impfstoffwerk Dessau-Tornau (IDT, Rosslau, Germany). FP9 ME-TRAP was administered at a dose of 1 × 10 8 plaqueforming units (PFU/mL) given as 2 intradermal injections into the skin overlying the right or left deltoid muscle. MVA ME-TRAP was administered at a dose of 1.5 × 10 8 PFU/mL given as 2 intradermal injections into the skin overlying the deltoid muscle of the non-dominant arm. Rabies vaccine was administered as two 0.1 mL intradermal injections into the skin overlying the deltoid muscle.
Study design. This was a randomized, open, controlled trial that compared the efficacy of the malaria vaccine regimen with a control (rabies) vaccine. Half the volunteers in the rabies vaccine group received a single treatment with sulfadoxine-pyrimethamine (SP) prior to the surveillance period to provide a "positive" control group in whom protection against malaria could be expected for a period of several weeks. P. falciparum remains sensitive to SP in the study area.
Allowing for a steady rate of drop-out during follow-up amounting to total of 20% of subjects by the end of the trial, the trial had at least 80% power (using 2-sided 5% significance level) to detect a difference in time to infection between vaccine and control groups if the vaccine efficacy was at least 60%, and at least 70% of the control group volunteers developed parasitemia during the trial. A randomization list was generated using a block size of 6; individuals were allocated to treatment groups in a 1:1:1 ratio. Pre-prepared randomization envelopes, numbered 1-120, contained slips with the treatment assignment. On the day on which the first dose of vaccine was due, treatments were assigned according to pre-prepared numbered envelopes. For logistic reasons, 30 volunteers were enrolled in the malaria vaccine group, 37 in the rabies vaccine plus SP group, and 35 in the rabies-alone group (Figure 1 ). All volunteers were scheduled to receive 3 doses of either malaria or rabies vaccine given 4 weeks apart.
After vaccination, volunteers were observed for 1 hour to detect any immediate side effects and given a course of antipyretic (paracetamol, 500 mg, 3 times a day) to take if required. Field workers made home visits on days 1 and 2 after vaccination, and volunteers were seen by the study physician on days 7 and 28 after each vaccination to record any adverse events on a standard diary card. All volunteers received the antimalarial drug primaquine (30 mg) 7 days before the final vaccination and a 3-day course of Lapdap (2 mg/kg body weight of chlorproguanil and 2.5 mg/kg body weight of dapsone given as standard adult dose) plus artesunate (4 mg/kg body weight divided into 3 doses) commencing on the day of final vaccination to eliminate asexual-and sexual-stage malaria parasites from peripheral blood before surveillance commenced 7 days later. Both dapsone and chlorcycloguanil have half-lives of ∼30 hours, so drug levels would have fallen well below inhibitory levels before surveillance started. Clearing existing blood-stage parasites in this manner facilitated the detection of new infections resulting from the bite of an infectious mosquito during the surveillance period. In addition, volunteers in the rabies + SP group received a single treatment of SP when the surveillance period began.
Vaccine efficacy was determined by comparing the incidence of infections in the malaria vaccine and rabies vaccine groups. During the 28-day surveillance period, daily fingerprick blood samples were obtained to provide 0.5 mL of blood for PCR analysis and for preparation of two blood films. Laboratory staff who read blood films or conducted immunoassays and PCR analysis were blind to the group allocation of volunteers until after approval of the analysis plan by the data safety monitoring board (DSMB).
Volunteers could contact a study nurse and a physician at anytime during the course of the study if they had concerns about their health. The study was conducted in accordance with the Declaration of Helsinki principles for the conduct of clinical trials, the International Committee of Harmonization Good Clinical Practices Guidelines, and with the local rules and regulations of the UK Medical Research Council unit in The Gambia and monitored by independent external monitors. An independent DSMB, including a local safety moni-tor, provided oversight for the trial. The Gambia government/ MRC, London School of Hygiene & Tropical Medicine, and the University of Oxford ethics committees approved the study. The trial was registered with ClinicalTrials.gov, a service of the US National Institutes of Health, and allocated the trial number NCT00121823.
Laboratory analysis. Duplicate thick blood films were stained with Giemsa and examined by two microscopists. When discrepancies occurred in the readings, a senior microscopist was available to confirm the presence of parasitemia. Blood samples were collected 1 week after the final vaccination and at the end of the study for estimation of FBC, PCV, ALT, and creatinine. Full blood counts were done using a Medonic CA620 cell analyzer (Medonic, Stockholm, Sweden). ALT and creatinine were measured using a Bio-Merieux visual analyzer (Bio-Merieux, Craponne, France).
Immunogenicity. Ex vivo IFN-␥ ELISPOT assays were carried out on days 0, 63, and 150 as described elsewhere. 7, 11, 15, 18 The AutoImmun Diagnostika ELISPOT Plate Reader (Strassberg, Germany) was used for automated counting of spots. The results were expressed as the number of spot forming units (SFU) per million peripheral blood mononuclear cells (PBMC). The SFU for a given stimulant was calculated by subtracting the average of the two negative control wells (cells plus culture medium) from the average of the two duplicated stimulant wells (cells plus culture medium plus stimulant). A "positive" response was reported if the SFU were greater than the background and over 50 SFU per million PBMC. Phytohemagglutinin (PHA) was used as a positive control. All peptides were used at a concentration of 25 g/ mL. A single pool contained all ME peptides. Six peptide pools were used to stimulate the cells. These contained 7-10 DNA preparation. Finger-prick blood samples for PCR analysis were collected in EDTA Vacutainer tubes. Samples were stored at 4°C for up to 72 hours. The blood volume was recorded, and the samples were flicked to check for blood clots. Large sample volumes were reduced to 0.5 mL after mixing to ensure that whole blood was removed and not plasma alone. Whatman 24-well, double-layer filter plates were used to remove leukocytes from the blood, as described previously, while allowing erythrocytes to pass through. 3 Samples under 250 L were not filtered as it was thought that a low number of parasites might be lost on the filter membrane. Clotted samples were not filtered. Filtered blood was stored at −20°C until DNA extraction. DNA was extracted from the filtered, clotted, or low-volume samples using the QIAamp DNA Mini Blood Kit (Qiagen Ltd., Crawley, UK) with adaptations. 3 DNA samples were frozen at −20°C until PCR analysis.
Quantitative real-time PCR. Parasitemia was detected by quantitative real-time PCR using a Rotorgene 3000 machine (Corbett Research, Sydney, Australia) and Qiagen Quantitect SYBR Green I PCR kit, as described elsewhere. 3 Samples were analyzed for the presence of the parasite multicopy 18S (small sub-unit) ribosomal RNA genes. Parasite density was quantified using a standard curve of known parasitemia with a limit of sensitivity of 20 parasites/mL. 3 Statistical analysis. An analysis plan was approved by the DSMB before analysis of data commenced. Primary analysis of efficacy was according to protocol (limited to subjects who received the full course of vaccination). The time at risk for each volunteer was considered to start 7 days after the third dose of vaccine had been given and to end either on the day of first positive PCR blood sample or, if none of the samples were positive, on the day the last sample was collected. The primary endpoint, set before analysis was undertaken, was time to first parasitemia by PCR with a density Ն 20 parasites/ mL, followed by a second positive result on the next sampling day. This endpoint was the limit of parasite detection by PCR and the most sensitive assay of malaria infection. Secondary analyses were time to first infection with parasite density Ն 100 or Ն 1000 parasites/mL and also time to first infection at these densities followed by a second positive result. Vaccine efficacy (VE) was defined as VE ‫ס‬ 1 − R, where R is the hazard ratio (malaria vaccine group:rabies group) estimated using the Cox proportional hazards model including all the covariates. A 95% confidence interval for VE was computed. The primary analysis included adjustment for important covariates that were recruitment center, age, bed net use, and the condition of the net. Statistical analysis of the cellmediated responses induced by vaccination was done using the Wilcoxon signed rank test or the Mann-Whitney U test.
RESULTS
Volunteers.
We screened 168 volunteers, of whom 41 were excluded (3 due to low PCV, 28 were G6PD deficient, 2 had a positive HIV test, 6 had clinical abnormalities, and 2 had raised ALT concentrations) and 127 were found to be eligible for the study. Of the eligible volunteers, a total of 102 volunteers were recruited into the study and received the first vaccination. Ninety-three and 94 of the recruited volunteers received the second and third doses of vaccine respectively. Eighty-seven volunteers received all 3 doses (1 volunteer withdrew consent, and 14 others had traveled out of the area at the time of vaccination). Ninety volunteers commenced the 28-day follow-up period (Figure 1) . The age range of volunteers 25-45 years was comparable ( Table 1) . Over the 28-day follow-up period, finger-prick blood samples were obtained each day from an average of 70% of volunteers. Compliance among the study volunteers during the surveillance period was high, with 25 volunteers giving samples on all 28 days (24.5%) and 59 volunteers missing only 5 or fewer time points (57.8%). Eleven vaccinated volunteers gave no samples at all, and the same number gave fewer than 10 samples.
Vaccine safety and reactogenicity. All vaccines were safe and well tolerated. All hematological and biochemical parameters remained within normal range for the duration of the study. All solicited adverse events (systemic and local) were assessed as mild or moderate and of short duration. No serious adverse event was recorded. Generally, there was a significantly greater occurrence of solicited adverse events in the malaria vaccine group compared with volunteers in the rabies group (Table 2 ). There were more episodes of limited arm motion in volunteers after the first dose of the malaria vaccine (23% [7/30]) compared with the control group (1% [1/72], P < 0.001). This side effect was present in 1 of 28 volunteers after the second dose but was not recorded after the third dose of the malaria vaccine. Dry blisters and pain at the site of injection occurred in 53% (16/30) and 50% (15/30) of volunteers after the first dose of the malaria vaccine, but the prevalence of these side effects fell to 24% (7/29) and 21% (6/29), respectively, after the third dose.
Immunogenicity after prime-boost vaccination with FP9 and MVA. IFN-␥ responses to TRAP were measured by ex vivo ELISPOT on freshly isolated PBMC 7 days after the final vaccination in volunteers in the malaria vaccine and rabies groups. Initial samples from a group of 6 randomly selected volunteers were analyzed before vaccination to obtain a baseline reading (median values, Figure 2 ). One volunteer was excluded from the analysis due to an unacceptably high background level (cells plus culture medium well ‫ס‬ 67 SFU per million PBMC). Overall vaccine immunogenicity was unexpectedly low compared with previous studies of this regimen in the UK 11, 15 and The Gambia. 16 Although a significant difference was seen between the malaria vaccine and rabies groups (Wilcoxon signed ranks test: P ‫ס‬ 0.044), the responses are ∼10-fold lower than in previous studies with this regimen and well below the level associated with protection in volunteer challenge studies. 11 Seven of 18 volunteers responded with an ex vivo ELISPOT above the group average. The response to different peptide pools in the ELISPOT assay was measured. TRAP Pool 1 induced the highest response, which was significantly different from Pools 4 and 5 (Wilcoxon signed ranks test: Pool 4, P ‫ס‬ 0.006; Pool 5, P ‫ס‬ 0.006, Figure  3 ). Pool 4 contained the least immunogenic peptides, and was significantly less immunogenic than Pools 1, 2, or 3 (Wilcoxon signed ranks test: Pool 1, P ‫ס‬ 0.006; Pool 2, P ‫ס‬ 0.004; Pool 3, P ‫ס‬ 0.002). Drug treatment. Ninety-three volunteers (91%) received a single dose of primaquine, and 84 (82%) received all 3 doses of Lapdap plus artesunate. Ninety-two percent (34/37) of volunteers allocated to the rabies + SP group received the SP 1 day prior to the start of the 28-day follow-up period. The 3 volunteers who did not receive SP were not included in the PCR analysis.
One volunteer had a parasitemia of ∼12,000 parasites/mL on the first day of surveillance and was excluded from further participation in the study and the analysis. Drug treatment was successful in eliminating blood-stage parasites in the remaining volunteers.
PCR analysis. Twenty percent of the total number of blood samples (2033) analyzed were PCR positive. Overall, 71% of the volunteers had one positive PCR result > 20 parasites/mL, and 55% had two positive PCR results above this level. The results of PCR analysis in the study groups at parasite densities of 20, 100, and 1000 parasites/mL are shown in Kaplan-Meier plots (Figure 4a-c) . There was no significant difference in time to first infection between the malaria vaccine and the ( Figure 4a ) rabies groups (adjusted hazard ratios 1.1, 1.75, and 2.3; P ‫ס‬ 0.735, 0.184, and 0.056, respectively). Thirtythree volunteers had occasional low-level parasitemia, or "blips," followed by negative PCR results (maximum, 2,521,353 parasites/mL; minimum, 22 parasites/mL; geometric mean, 152 parasites/mL; median, 87 parasites/mL); these were mainly in the rabies + SP group (malaria vaccine ‫ס‬ 7; rabies + SP ‫ס‬ 20; rabies ‫ס‬ 6). Overall, 28 volunteers remained PCR negative throughout the 28-day follow-up. They were mostly in the rabies-vaccinated control groups (malaria vaccine ‫ס‬ 4; rabies + SP ‫ס‬ 12; rabies ‫ס‬ 11). Note: Adverse events were assessed 1 hour and 1, 2, 7, and 28 days after each vaccination. Observations were made in 30 volunteers in the malaria vaccine group (FFM), in 37 in the rabies + SP group, and in 35 in the rabies group who received at least one dose of vaccine. Results are presented as n (%) and 95% CI. Blood films. Duplicate blood films were prepared at the same time as samples were collected for PCR analysis. Overall 97/2070 (4.7%) blood films were positive for P. falciparum asexual parasites. P. falciparum asexual parasites were detected in 49/399 (12.3%) samples positive at the 20 parasites/ mL threshold in the PCR assay, in 48 of 316 positive (15.2%) at the 100 parasites/mL threshold, and in 41 of 178 (43.4%) positive using the 1000 parasites/mL threshold. Thirty-three of the 1634 samples that were negative by PCR were bloodfilm positive. This represents a 2.0% discrepancy between the PCR and blood-film results. Only 5 cases of clinical malaria were recorded during the follow-up period (1 in the rabies + SP and 4 in the malaria vaccine groups, respectively).
DISCUSSION
This study has demonstrated the feasibility of repeated blood sampling for PCR-based detection of low-level infections, providing a possible approach to the rapid evaluation of pre-erythrocytic malaria vaccines. About half of the Gambian adult men observed over a 28-day period were infected with P. falciparum detected by a sensitive PCR test, although only 28.8% had parasitemia detectable by microscopy.
Participation in this study involved a major commitment from the volunteers who were required to take a combination of drugs to ensure clearance of all asexual and sexual P. falciparum parasites before the surveillance period commenced. The drug combination of Lapdap plus artesunate and primaquine proved effective, as only one volunteer had malaria parasitemia detected by PCR when the surveillance period began. Lapdap and artesunate were chosen to clear asexual parasites, as both are short-acting drugs whose blood concentrations would have fallen below inhibitory concentrations at the commencement of surveillance. In addition to the requirement of taking a mixture of antimalarial drugs, volunteers were also required to provide a daily finger-prick sample for 28 consecutive days. It was uncertain whether this would be acceptable, but > 70% of all possible samples were obtained, and only 21 (20.5%) volunteers withdrew from the study.
Despite the unexpectedly low immunogenicity of the vaccine regimen, we proceeded with the monitoring phase of the trial. As expected, in view of the low immunogenicity, analysis of efficacy using the primary endpoint of 20 parasites/mL showed no evidence for protection against infection in the malaria vaccine group. An opposite effect was suggested when a higher threshold was used, but this was not statistically significant. An unexpected finding was the number of lowparasitemia, short-lived infections detected in volunteers in the rabies + SP group during the first few days of surveillance. It is likely that this was caused by parasites released from liver schizonts before they were eliminated by SP, which is known to clear parasites less rapidly than other drugs, such as the artemisins. Further studies will be required to assess if these observations with SP can be extended to other drugs used for malaria prophylaxis. It is not clear what the potential effects of long-term exposure to low levels of blood stage infections in individuals on long-term drug prophylaxis might be. This population includes not only long-term non-immune residents of malaria endemic countries who take regular prophylaxis but also pregnant women and children receiving intermittent preventive treatment (IPT). Our data suggest that these in- Significant differences were observed between traps 1 and 2 (P ‫ס‬ 0.0058), traps 1 and 5 (P ‫ס‬ 0.0058), traps 2 and 4 (P ‫ס‬ 0.003), and traps 3 and 4 (P ‫ס‬ 0.001). Tests for significance were carried out using the Wilcoxon signed rank test. dividuals may be exposed to low-level parasitemia, and it is possible that this could induce some blood-stage immunity over time. Indeed, a recent volunteer challenge study with low doses of blood-stage parasites demonstrated the rapid development of protective immunity to re-infection. 19 In addition, a study of IPT in Tanzanian infants using SP also showed that protection lasted for many months longer than the pharmacological effect of SP, suggesting that some protective immunity was acquired while on this prophylaxis. 20, 21 Our findings suggest a possible explanation for these reports.
We have shown that the use of repeated blood sampling over a short period of time combined with a sensitive PCR assay is a promising approach to the evaluation of malaria vaccines that deserves further study, particularly for preliminary trials in which different doses or vaccine formulations need to be compared. Reduction of the time of follow-up needed for vaccine evaluation to a period of 1 month provides a means of reducing cost and speeding up the evaluation of new vaccines.
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